The research reported herein investigated the effects of a range of lime (as calcium hydroxide; Ca(OH) 2 ) dosage levels on the growth of Sago pondweed in outdoor experimental mesocosms.
. Six -replicate containers were planted for each treatment for a total of 24 containers. The replicate planted containers were incubated in each of four clear fiberglass mesocosms (i.e., one mesocosm per treatment; 1.2-m diameter by 1.2-m height; 1400-L capacity) that were deployed in a larger outdoor pool (4.6-m diameter by 1.2-m deep). The pool served as a water bath to moderate the temperature of the mesocosms during the summer. All mesocosms were filled with tap water prior to the start of the experiment (Ca = 57 mg • L-U; Conductivity = 422 gtS; Mg = 28 mg • L-; N0 2 NO 3 -N = 0.2 mg ° L-; K = 0.8 mg -L-; Na = 1.6 mg -L-U; S04= 21 mg -L-'; pH = 7.8). Circulation pumps (Beckett Versa Gold G90AG; 0.34 m 3 min-) provided moderate water circulation in each tank during the entire study.
The plants were allowed to grow in the outdoor mesocosm facility for 45 days prior to lime application. Commercially obtained lime (as Ca(OH) 2 ) was applied as a slurry to experimental mesocosms by mixing the appropriate dry powder mass (as grams of Ca(OH) 2 ) for each intended concentration with 8 L of tap water, then dispersing it evenly over the surface of the mesocosms. The plants were allowed to grow for an additional 17 days after lime application before harvesting. The study was conducted between 13 June and 14 August 2003.
Shoot and root fresh and dry biomass were determined for each plant container at the end of the study. For shoot biomass, a 10-cm sprig was removed, weighted, and frozen for analysis of leaf chlorophyll. The remaining shoot material was briefly soaked in a 1-N hydrochloric acid solution to remove calcium carbonate (Ca(C0 3 )) deposits, gently rinsed in tap water, and dried at 90 'C for dry mass determination. Roots sieved from the sediment were dried for belowground biomass determination (root material was not pretreated with I N HCI). Leaf chlorophyll was extracted in a 50:50 solution of DMSO (dimethyl-sulfoxide) and acetone before fluorometric determination (Welschmeyer 1994) . Leaf chlorophyll was expressed as mg g-1 leaf dry mass using correction factors to account for the percentage of fresh mass that represented Ca(C0 3 ) and a Ca(CO)-free fresh mass:dry mass ratio. Shoot biomass at the time of lime application was estimated using Sago pondweed shoot biomass measurements determined in another study over a similar growth period (41 days) and environmental conditions (i.e., the same sediment and water source; James (unpublished)).
Throughout the study, in situ temperature, pH, dissolved oxygen, and conductivity were monitored in each tank at 2-to 3-day intervals using a Hydrolab Surveyor 3 that was calibrated against known buffers and Winkler titrations. Integrated water column samples were collected to determine alkalinity (expressed as mg CaCO 3 L-1) as titration with 0.02 N sulfuric acid to an end-point of pH 4.5 (American Public Health Association (APHA) 1998).
RESULTS AND DISCUSSION:
Before lime application, mean pH and of 3 to 5 days, the lime settled as a floc and water column transparency increased to pretreatment levels. Some sedimentation onto the plant material was also evident.
In the lime application period (17 days). Vertical 250-mg lime Llines represent 1 standard error. Letters indicate significant differences at the 5-percent level or Lime application resulted in suppressed less (ANOVA; SAS 1994) plant growth and lower mean shoot and root biomass relative to the control (Figure 3 ). Mean shoot biomass was greatest in the control, intermediate in the mesocosm treated with 250-mg lime L-1, and lowest for the mesocosm treated with 500-and 1000-mg lime L-1. However, mean shoot biomass did not decline appreciably in treated mesocosms relative to shoot biomass estimates at the time of treatment. Mean root biomass was significantly lower in treated versus control mesocosms; however, no significant differences were observed in mean root biomass between treated mesocosms (ANOVA; SAS 1994). Corroborating observed pigment loss symptoms for plants in the treated mesocosms, mean leaf chlorophyll was significantly lower in mesocosms treated with 500 and 1000 mg lime UtI by I to 2 orders of magnitude and nearly undetectable versus control mean leaf chlorophyll (Figure 3) . In contrast, mean leaf chlorophyll was greatest for plants treated with 250-mg lime UL, reflecting the apparent auxiliary bud regrowth that occurred in this mesocosm.
Results indicated that experimental lime application suppressed further plant growth relative to the control. Growth suppression appeared to be associated with a rise in pH above 10.5, suggesting that lime-induced pH increases were impacting growth by limiting free carbon dioxide and bicarbonate availability for photosynthesis . It was notable that plants subjected to the 250-mg lime L-l treatment exhibited visual pigment loss and growth stress but then recovered and displayed regrowth toward the end of the study. This pattern coincided with a drop in pH to less than 10.5 during the second week of treatment, suggesting increased inorganic carbon availability for growth. The greater concentrations of lime that were added to the other mesocosms maintained the pH above 10.5 and plant regrowth did not occur.
Reasons for pigment loss at the higher pH levels are not currently known. If inorganic carbon limitation is the mode of action suppressing plant growth, chlorophyll synthesis could also be inhibited at high pH levels. It also appeared that pigmentation was not restored in plant tissues stressed by high pH, and that any recovery in growth was in the form of new tissue development, based on observations of plant growth in the mesocosm treated with 250-mg lime L-1.
Although growth was stressed, plant senescence was not observed during the study. Chambers et al. (2001) reported a similar finding for plants treated with up to 1000 mg L-1. The exposure time to lime and high pH is probably a critical factor in plant success or death and needs to be investigated. For instance, exposure times of longer than 17 days at pH levels greater than 10.5 may have been required to cause actual plant death in this study. The effect of lime application during different phases of the life cycle also needs to be examined. Lime applied to systems earlier in the plant's life cycle may be more effective in stressing growth and reproductive persistence than later in the life cycle. Finally, if pH is a factor in suppressing plant growth via inorganic carbon limitation, the impacts of lime application and high pH on other ecological components such as invertebrates and fish need to be evaluated. The high pH and alkalinity concentrations created in the mesocosm study by a lime application of 1000 mg L-would severely impact aquatic communities and should not be considered as practical for aquatic macrophyte control.
